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[57] ABSTRACT 
A nuclear magnetic resonance ?owmeter measuring 
?ow rate of the organic portion only in the ?ow of 
mixtures made of aqueous, organic and gaseous compo 
nents comprises a flow passage disposed intermediate 
two magnetic poles providing a constant transverse 
magnetic ?eld generally perpendicular to the central 
axis of the flow passage, which flow passage extends 
through a ?rst coil generating a ?rst alternating axial 
magnetic ?eld parallel to the central axis of the ?ow ( 
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passage and oscillating at the Larmor frequency, which 
?rst alternating magnetic ?eld is generated in pulses 
with a frequency substantially greater than the inverse 
of the spin-lattice relaxation time of the aqueous compo 
nent in the mixture, and through a second coil down 
stream to the ?rst coil, that generates a second alternat 
ing axial magnetic ?eld oscillating at the Larmor fre 
quency, which second alternating magnetic ?eld is gen 
erated in pulses at a frequency substantially greater than 
the inverse of the spin-lattice relaxation time of the 
organic component in the mixture. The ?rst alternating 
magnetic ?eld completely scrambles the nuclei mag— 
netic moments of the aqueous component only, while 
the second alternating magnetic ?eld completely scram 
bles the nuclei magnetic moments of the aqueous com 
ponent and completely or partially scrambles the nuclei 
magnetic moments of the organic component. A radio 
frequency receiver including an antenna coil disposed at 
a midsection of the second coil detects the nuclear mag 
netic resonance radio frequency emission from the or 
ganic component of the mixture, wherein the intensity 
of the NMR emmission increases as the velocity of the 
organic component increases. The velocity of the or 
ganic component in the mixture as well as the mass or 
volume fraction of the organic component in the mix 
ture is determined from the intensity of the NMR RF 
emission from the organic component. 

9 Claims, 2 Drawing Sheets 
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NUCLEAR MAGNETIC RESONANCE NET 
ORGANIC FLOWMETER 

BACKGROUND OF THE INVENTION 

This application is a countinuation-in-part application 
to patent application Ser. No. 056,001 entitled “Nuclear 
Magnetic Resonance Flowmeter” ?led on June 1, 1987, 
which is now U.S. Pat. No. 4,788,295. 
The principles of nuclear magnetic resonance (NMR) 

provide an excellent basis to construct and operate a 
?owmeter that is ideal for measuring very low velocity 
?ows of liquids comprising atoms of nonzero spin such 
as hydrogen atoms as well as for measuring the volume 
or mass flow rate of the organic component only. Such 
applications of the NMR principles have not been prac 
ticed at the present time. 

BRIEF SUMMARY OF THE INVENTION 

The primary object of the present invention is to 
provide an NMR ?owmeter that is capable of measur 
ing very low velocity ?ows of liquid media. 
Another object is to provide an NMR ?owmeter 

measuring the ?ow rate of the organic component only, 
wherein the motion of aqueous and gaseous components 
in the mixture is not registered by the ?owmeter. 
A further object is to provide an NMR device that 

measures the volume or mass fraction of the organic 
component in the mixture. ' 
Yet another object is to provide an NMR flow imag 

ing apparatus that provides images or pictures of the 
moving liquid medium in contrast to the stationary 
ambient structures. 
Yet a further object is to provide an NMR ?owmeter 

.comprising a pair of magnetic poles providing a con 
stant magnetic ?eld generally perpendicular to the di 
rection of the ?uid ?ow, a transmitter coil generating an 
alternating magnetic ?eld perpendicular to the constant 
magnetic ?eld, which alternating magnetic ?eld oscil 

4 lating at the Larmor frequency and generated in pulses 
completely or partially scrambles the orientation of the 
nuclei magnetic moments in the ?uid media placed 
within the alternating magnetic ?eld, and a receiver 
detecting the NMR RF emission from the fluid media; 
wherein the velocity of the ?uid ?ow is determined 
from the change in the intensity of the NMR RF emis 
sion that varies as a function of the velocity of ?uid. 

Still another object is to provide an NMR net organic 
?owmeter comprising a pair of magnetic poles provid 
ing a constant magnetic ?eld generally perpendicular to 
the direction of the ?uid ?ow, a ?rst transmitter coil 
generating a ?rst alternating magnetic ?eld perpendicu 
lar to the constant magnetic ?eld, which ?rst alternat 
ing magnetic ?eld oscillating at the Larmor frequency 
and generated in pulses scrambles nuclei magnetic mo 
ments of the aqueous component of the ?uid, a second 
transmitter coil downstream of the ?rst transmitter coil 
that generates a second alternating magnetic ?eld oscil 
lating at the Larmor frequency in pulses which com 
pletely scrambles nuclei magnetic moments of the aque 
ous component and completely or partially scrambles 
nuclei magnetic moments of the organic component, 
and a receiver detecting the NMR RF emission from 
the organic component of the ?uid; wherein the ?ow 
rate of the organic component only is determined from 
the change in the intensity of the NMR RF emission 
from the organic component that varies as a function of 

10 

25 

30 

40 

45 

65 

2 
the velocity of the organic component and the constitu 
ency fraction of the organic component in the mixture. 

Still a further object is to provide an NMR flow 
imaging device comprising a pair f0 magnetic poles 
providing a constant magnetic ?eld generally perpen 
dicular to the direction of the fluid ?ow, a transmitter 
coil generating an alternating magnetic ?eld perpendic 
ular to the constant ?eld and oscillating at the Larmor 
frequency, which alternating magnetic ?eld generated 
in pulses scrambles nuclei magnetic moments of the 
fluid located within the alternating magnetic ?eld, and 
an image generating receiver, wherein the image or 
picture of the moving ?uid is constructed from the 
NMR RF emission emitted by the moving ?uid. 
These and other objects of the present invention will 

become clear as the description thereof progresses. 

BRIEF DESCRIPTION OF THE FIGURES 

The present invention may be described with a great 
clarity and speci?city by referring to the following 
?gures: , ’ 

FIG. 1 illustrates a cross section of an embodiment of 
the NMR net organic ?owmeter of the present inven 
tion. 
FIG. 2 illustrates another cross section of the embodi 

ment shown in FIG. 1. 
FIGS. 3-a and 3-b illustrate two pulsed modes of the 

alternating magnetic ?elds respectively generated by 
the two transmitter coils included in the embodiment 
shown in FIG. 1. 
FIGS. 4-a and 4-b illustrate NMR RF emissions from 

the organic component respectively generated by the 
two alternating magnetic ?elds generated by the two 
transmitter coils, respectively. 
FIGS. 5-0 and 5-b illustrate magnetization of the 

organic component taking place in a time interval be 
tween the ‘pulses of the alternating magnetic ?eld. 
FIG. 6 illustrates two groups of pulsed alternating 

magnetic ?elds generated by the downstream end trans 
mitter coil, which two groups of pulsed alternating 
magnetic ?elds are generated alternatively one after the 
other. 

DESCRIPTION OF THE ILLUSTRATED 
EMBODIMENTS 

In FIG. 1 there is illustrated a cross section of an 
embodiment of the NMR net organic ?owmeter of the 
present invention, which cross section is taken along a 
plane including the contral axis of the ?ow passage 1 
disposed intermediate two magnetic poles' 2 and 3, 
which provides a constant magnetic ?eld generally 
perpendicular to the central axis of the ?ow passage 1. 
The two magnetic poles 2 and 3 respectively include the 
combination of an oblong plate magnet 4 and an oblong 
?ux distributor plate 5, and an oblong plate magnet 6 
and an oblong flux distributor plate 7. The two mag 
netic poles 2 and 3 are connected to one another by a 
flux guide 8 having a C or U-shaped cross section. A 
?rst transmitter coil 9 of a substantial axial length is 
disposed intermediate the two extremities of the oblong 
magnetic poles 2 and 3, through which the ?ow passage 
1 extends. 
The ?rst transmitter coil 9 extends over a space inter 

mediate the ?rst pair of wires 90 and 9b connecting the 
transmitter coil 9 to the transmitter electronics 13. A 
second transmitter coil 10 of a short axial length is dis 
posed intermediate the ?rst transmitter coil 9 and the 
downstream extremity of the oblong magnetic poles 2 
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and 3, through which the ?ow passage 1 also extends 
through. 
The second transmitter coil 10 extends over space 

intermediate the second pair of wires 10a and 10b con 
necting the transmitter coil 10 to the transmitter elec 
tronics 13. A ?rst receiver or antenna coil 11 is disposed 
intermediate the two extremities of the ?rst transmitter 
coil 9, while a second receiver or antenna coil 12 is 
disposed at a midsection of the second transmitter coil 
10. The energizing of transmitter coils 9 and 10 are 
controlled by a transmitter electronics 13. The NMR 
RF emissions picked up by the receiver coils 11 and 12 
are processed by the receiver electronics 14, wherein 
the intensity of the NMR RF emissions is detected and 
analyzed by the peak detector 15 and data processor 16, 
respectively. 
The transmitter electronics 13 comprises two combi 

nations of pulse generator-switch-ampli?er arranged in 
a parallel relationship, wherein outputs from those two 
combinations respectively energize the two transmitter 
coils 9 and 10. The RF input to the two combinations of 
the pulse generator-switch-ampli?er may be provided 
by a single RF wave generator connected thereto in a 
parallel arrangement or by two separate RF generator 
respectively connected to the two combinations in a 
separate arrangement. The RF generator supplies an 
alternating sinusoidal electrical signal oscillating at the 
nuclear magnetic resonance frequency of the hydrogen 
atom in media ?owing through the conduit or vessel 1 
in a continuous mode. The switch controlled by the 
pulse generator chops the continuous sinusoidal electri 
cal signal into a train of pulsed sinusoidal electrical 
signal, wherein the duty period of the pulse and pause 
period between the pulses are controlled by the pulse 
generator. The RF ampli?er ampli?es the pulsed sinu 
soidal electrical signal to a required level for energizing 

35 

the transmitter coil. The receiver electronics 14 com- ' 
prises two combinations of the RF ampli?er-detector 
audio ampli?er, each of which two combinations is fed 
with the alternating electrical signal oscillating at the 
nuclear magnetic resonance frequency, that is picked up 
by each of the two receiver coils 11 and 12, wherein the 
RF amplifier ampli?es the alternating electrical signal 
supplied thereto by the receiver coil and the detector 
rid of the RF frequency signal and retrieves the enve 
lope thereof. The audio ampli?er ampli?es the envelope 
signal, which decays rapidly after reaching a peak value 
at the initial stage of each pulse. The peak detector 
measures the peak value of the envelope signal and the 
data processor determines the ?ow rate of the media 
moving through the conduit or vessel 1 from the peak 
value of the envelope signal, which may be displayed in 
a digital or analog form or in an image of the conduit or 
vessel 1 with the intensity of contrast of the conduit or 
vessel proportional to the velocity of the ?uid moving 
therethrough. 

In FIG. 2 there is illustrated another cross section of 
the NMR net organic ?owmeter illustrated in FIG. 1, 
which cross section is taken along plane 2-2 as shown 
in FIG. 2. The ?ow passage 1 extends through the 
transmitter coils 9 and 10 as well as the receiver coils 11 
and 12, all of which coils are wound around a cylindri 
cal shell 17, wherein the coil assemblies are held in 
position by a retainer block 18 secured intermediate the 
two magnetic poles 2 and 3. The magnetic ?ux guide 8 
provides the closed loop for the constant magnetic ?eld 
extending from the magnetic pole 2 to the magnetic 
pole 3, while the magnetic ?ux distributor plates 5 and 
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7 provide uniform magnetic ?eld in the space between 
the two magnetic poles 2 and 3 by eliminating the nonu 
niformity arising from less than uniform distribution of 
the magnetic moments within the plate magnets 4 and 6. 

In order to understand the operating principles of the 
present invention, it is useful to investigate a particular 
mode of operation wherein the downstream transmitter 
coil 10 generates an alternating magnetic ?eld of Lar 
mor frequency in rapid 90 degree pulses, which com 
pletely scramble all nuclei magnetic moments in the 
?uid element located in the vicinity of the downstream 
transmitter coil 10 and, consequently, prevents magneti 
zation of the ?uid element in the vicinity of the down 
stream transmitter coil 10 by the constant magnetic ?eld 
provided by the magnets 4 and 6. 
The alternating magnetic ?eld of Larmor frequency, 

that is perpendicular to the constant external magnetic 
?eld and applied in a rapid 90 degree pulses, has a duty 
period of the pulse matched to change the orientation of 
the nuclear magnetic moment from the direction paral 
lel to the constant external magnetic ?eld created by the 
magnetic poles 4 and 6 to a plane generally perpendicu 
lar to the constant external magnetic ?eld, and pause 
period between two consecutive pulses generally 
smaller than the spin-lattice relaxation time of the NMR 
signal decay. As a consequence, a stationary fluid ele 
ment in the vicinity of the downstream transmitter coil 
10 does not emit any NMR RF emission. 
The nuclei magnetic moments experiencing the 

change of orientation from the direction parallel to the 
constant external magnetic ?eld to a new direction 
perpendicular thereto under a 90 degree pulse experi 
ence a dispersion in the orientation due to nonuniform 
precessing velocities of the individual nuclei magnetic 
moments, which dispersion in the orientation is the 
direct cause of the free induction decay of the NMR 
signal. The series of rapid 90 degree pulses applied at a 
period signi?cantly smaller than the spin-lattice relax 
ation time of the NMR signal prevents the regrouping 
of the nuclei magnetic moments under the in?uence of 
the constant external magnetic ?eld and facilitates the 
dispersion of the nuclei magnetic moment. In order 
words; the rapid 90 degree pulses scrambles the nuclei 
magnetic moment. The nuclei magnetic moments at a 
scrambled state do not emit NMR RF emission. A ?uid 
element with magnetization M located in the vicinity of 
the downstream transmitter coil 10 and at a section of 
the ?ow passage 1 of axial distance X measured from 
the cross section of the ?ow passage 1 whereon the 
downstream receiver coil 12 is located, 12 emits NMR 
RF emission with free induction decay (FID) peak 
value E approximately equal to 

x 1) 
E = K1Me_(T )2, ( 

where K1 is a constant of proportionality and L is a 
characteristic length comparable to the diameter of the 
receiver coil 12. According to equation (1), a ?uid ele 
ment with magnetization M freshly moving into the 
vicinity of the downstream transmitter coil 12 will emit 
a single pulse of NMR RF emission before it becomes 
scrambled by the rapid series of 90 degree pulses of the 
alternating magnetic ?eld generated by the downstream 
transmitter coil 10, which has an FID peak approxi 
mately equal to 
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where S is the distance between the downstream end of 
the upstream transmitter coil 9 and the downstream 
receiver coil 12, that is generally equal to one half of the 
axial length of the downstream transmitter coil 10, U is 
the velocity of the ?uid element, and T2 is the pause time 
between the 90 degree pulses of alternating magnetic 
?eld generated by the downstream transmitter coil 10. 
The ?uid element in the vicinity of the upstream trans 
mitter coil 9 attains a magnetization M during the pause 
time 1'; between the 90 degree pulses of alternating 
magnetic ?eld generated by.the upstream transmitter 
coil 9, which magnetization is approximately given by 
equation 

1'1 

T I 

where K; is a constant of proportionality, d) is the vol 
ume fraction of ?uid component that has nonzero spin, 
H0 is the intensity of the constant magnetic ?eld pro 
vided by the magnets 4 and 6, 1'1 is the period between 

- the 90 degree pulses of alternating magnetic ?eld gener 
ated by‘ the upstream transmitter coil 9, and T is the 
spin-lattice relaxation time. Substitution of equation (3) 
into equation (2) yields 

4 
'rl S-UT2 ( ) 

If the ?uid is a homogeneous medium and there is no 
upstream transmitter coil 9, equation (4) reduces to 

_( s_ un )2 (5) 
E = E0 e z . 

When E0 is a constant and has a known value deter 
mined empirically, the ?uid velocity U is determined 
from the FID peak E in accordance with equation (5) or 
corresponding relationship determined empirically. If 
E, is unknown or variable, the ?uid velocity is deter 
mined from the following equation or empirically deter 

where r,- and 7]‘ respectively stand for two different 
value of the pause time between the 90 degree pulses, 
and E; and E] are measured FID peaks respectively 
generated by the 90 degree pulses of pause time T,- and 
1']. In summary, NMR ?owmeter comprising a transmit 
ter coil generating 90 degree pulses of the alternating 
magnetic ?eld of Larmor frequency determines the‘ 
velocity of homogeneous ?uid medium from the mea 
sured FID peak or from the ratio of the two FID peaks 
respectively generated by two sets of 90 degree pulses 
having two different pause times. 
The spin-lattice relaxation time of the aqueous com 

ponent in aqueous-organic mixtures is generally equal 
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6 
to 5 to 6 seconds, while that of the organic component 
is generally equal to 100 to 150 milli—seconds. When the 
90 degree pulses are generated at a pause time equal to 
or less than 20 milli-seconds, the FID peak emitted by 
the aqueous media is less than 1 percent of that emitted 
by the organic liquid media for temperatures equal to or 
greater than 15° C. In other words, 90 degree pulses of 
pause time equal to or less than 20 milli-seconds com 
pletely scramble the nuclei magnetic moments of the 
aqueous media, while it scrambles only partially the 
nuclei magnetic moments of the organic liquid media, 
which is the obvious consequence of the large differ 
ence in the spin-lattice relaxation time between the 
aqueous and organic liquid media. Consequently, as 
long as the numerical values of 1'1 and 1'; appearing in 
equation (4) are kept at values smaller than 20 milli 
seconds, the existance of the aqueous component in the _ 
mixture can be ignored in analyzing the NMR RF emis 
sions, as the organic component is responsible for 99 
percent of the NMR RF emissions. It has now become 
clear why the NMR ?owmeter comprising two trans 
mitter coils 9 and 10 is called net organic ?owmeter. 
The upstream transmitter coil 9 suppresses NMR RF 
emission from the aqueous component in the mixture, 
while the downstream transmitter coil 10 generates 
NMR RF emission from the organic component only. It 
is readily recognized that equation (4) can be written in 
the form 

where E1 is the FID peak detected by the upstream 
receiver coil 11, while B; is the FID peak detected by 
the downstream receiver coil 12. The velocity of the 
organic component in the mixture is determined from 
equation (7) or empirically determined counter-part 
thereof. The volume fraction <1) of the organic compo 
nent can be determined from the following equation or 
empirically determined counter-part thereof: 

wherein empirically determined value corresponding to - 
the FID peak of NMR RF emission of fully magnetized 
100 percent organic medium is used for the numerical 
value of E,,. It should be noticed that equations (6) and 
(7) have the same form, which implies that the two 
different values of the FID peak appearing in the re 
spective equation may be measured by the downstream 
receiver coil only operating under two different values 
of 'r, or may be respectively measured by the upstream 
and‘ downstream receiver coils. 

It should be understood that, when the transmitter 
coil 10 generates alternating magnetic ?eld of Lamor 
frequency in rapid pulses with pause time between 
pulses substantially less than the spin-lattic relaxation 
time, which completely scrambles all nuclei magnetic 
moments in the ?uid element located in the vicinity of 
the transmitter coil 10, the receiver coil 12 detects 
NMR RF emission emitted by the moving media only, 
wherein the FID peak thereof is a function of the veloc 
ity of moving media. When the receiver electronics 
detecting and processing the NMR RF emission emitted 
by the moving media only is an imaging type, the image 
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or picture of the moving media is obtained wherein the 
intensity of contrast against the background approxi 
mately represents the velocity of moving media. The 
?ow imaging apparatus of the present invention having 
the same construction as the embodiment shown in 
FIGS. 1 and 2 less the upstream transmission and re 
ceiver coils 9 and 11, and plus a imaging receiver detect 
ing and processing NMR RF emissions exclusively 
emitted by moving media only has an important medical 
application, as such an apparatus provides image of the 
?uid ?ow in different organs in humanbody. 
The generalized mode of operations of the NMR 

?owmeter can be better explained by referring to FIGS. 
3, 4, 5 and 6. FIGS. 3-0 and 23-h respectively illustrate 
pulsed mode of generating alternating magnetic ?elds of 
the Larmor frequency by the upstream and downstream 
transmitter coils 9 and 10. The upstream transmitter coil 
generates the alternating magnetic ?eld of the Larmor 
frequency in a series of 90 degree pulses 19 with a pause 
time 1'1, while the downstream transmitter coil 10 gen 
erates the alternating magnetic ?eld of the Larmor fre 
quency in a series of 90 degree pulses 20 with a pause 
time 72. 
FIG. 4-a illustrates a series of FID signals 21 gener 

ated by the upstream transmitter coil 9 and picked up by 
the upstream receiver coil 11, while FIG. 4~b illustrates 
a series of FID signals 22 generated by the downstream 
transmitter coil 10 and picked up by the downstream 
receiver coil 12. The upstream transmitter coil 9 of a 
substantial axial length generates FID signals with ini 
tial peak value varying with the volume fraction qb and 
independent of the ?uid velocity, which initial peak is 
approximately given by equation (8). If the length of the 
upstream transmitter coil 9 is relatively short, the FID 
peak detected by the upstream receiver coil 11 depends 
on the volume fraction (1) as well as the ?uid velocity 
and is given approximately by equation 

where S1 is a charateristic length approximately equal 
to the distance between the upstream end of the up-: 
stream transmitter coil 9 and the upstream receiver coil 
11. The FID peak detected by the downstream receiver 
coil 12 is approximately given by equation 

(9) 
T 1 (U11 )2 $14111 
T e T’ + 

(10) 

Where S2 is a characteristic length approximately equal 
to the distance between the downstream end of the 
upstream transmitter coil 9 and the downstream re 
ceiver coil 12. 

In FIGS. 641 and 6-b, there is illustrated the series of 
remagnetization curves 23 and 24 respectively repre 
senting the magnetization of the ?uid elements located 
in the vicinities of the upstream and downstream trans 
mitter coils 9 and 10, respectively, which remagnetiza 
tion M1 or M2 taking place during the pause time T1 or 
1'; between the 90 degree pulses are approximately 
given by equation 
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(ll) 
Ti 

M1: qbEo (l — e- T), where i = l or 2. 

It is noticed that the degree of remagnetization becomes 
lesser and lesser as the pause time 1' becomes smaller and 
smaller. The remagnetization completely vanishes 
when the pause time 1' is much smaller than the spin-lat 
tice relaxation time T. 
FIG. 6 illustrates a compound mode of generating an 

alternating magnetic ?eld of the Larmor frequency by a 
sigle transmitter coil, that includes two sets of 90 degree 
pulses 25 and 26 respectively having pause times 73 and 
1'4 and applied in an alternatively repeating mode. A 
single transmitter coil energized in this mode of pulses 
can duplicate the function of the two separate transmit 
ter coils, of which functions are described in conjunc 
tion with FIGS. 3, 4 and 5. 
The ?rst version of NMR ?owmeter constructed in 

accordance with the principles of the present invention 
comprises a single transmitter coil disposed within a 
constant magnetic ?eld, that generates an alternating 
magnetic ?eld oscillating at the Larmor frequency, 
which alternating magnetic field is perpendicular to the 
constant magnetic ?eld and generated in 90 degree 
pulses. The FID peak of the NMR RF emission picked 
up by a receiver coil disposed at a midsection of the 
transmitter coil is given by equation (9). In case of mea 
suring ?ows of homogeneous media, ¢=l and E, has a 
constant value determined empirically. Therefore, the 
?uid velocity U is determined from equation (1) or 
empirically determined counter-part thereof. If the ?uid 
is a multiphase media and/or E0 is a variable sensitively 
depending on temperature and other state variables, the 
fluid velocity U is determined from the ratio of two 
FID peaks respectively generated by two sets of 90 
degree pulses having different pause times as illustrated 
in FIG. 6, which ratio of the two FID peaks is given by 
equation 

(12) 
_ ri _( Uri )2 . _( Sl-U-ri )2 

Bi 1 - e T e I ~ e z 

‘E- _ 

While the fluid velocity U is determined from equation 
(12) or empirically determined counter-part thereof. 
The phase component fraction (1) is determined from 
equation (9) or empirically determined counter-part 
thereof. 
The second version of NMR ?owmeter of the present 

invention comprises two transmitter coils disposed 
within the constant magnetic ?eld, which coils respec 
tively generate ‘alternating magnetic ?elds of the Lar 
mor frequency in pulses with different pause times from 
one another. The upstream transmitter coil scrambles 
nuclei magnetic moments in the aqueous phase of mix 
ture, while a receiver coil disposed at a midsection of 
the downstream transmitter coil detects FID peaks 
generated by the pulsed alternating magnetic ?eld gen 
erated by the downstream transmitter coil. The ?uid 
velocity U and the phase component fraction (1) are 
determined by the same method as that of the NMR 
?owmeter comprising a single transmitter coil de 
scribed by the preceding paragraphs. 
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The third version of NMR ?owmeter of the present 

invention comprises two transmitter coils and two re 
ceiver coils respectively included in a midsection of the 
two transmitter coils, wherein the two receiver coils 
pick up FID peaks respectively generated by the two 
transmitter coils, which FID peaks are respectively 
given by equations (9) and (10). The ?uid velocity U is 
determined from the ratio of the two FID peaks respec 
tively given by equations (9) and (10) or empirically 
determined relationship corresponding to the FID ra 
tio, and the phase component fraction 4: is determined 
from one of the two equations (9) and (10) or empiri 
cally determined counter-part thereof. 

In nonimaging type NMR ?owmeter of the present 
invention, the magnet 4 and 6 must provide a uniform 
magnetic ?eld in region within the section of the ?ow 
passage 1, which region is surrounded by the transmit 
ter coil or coils, whereby, the nuclei magnetic moments 
in this region experience the NMR precession under the 
alternating magnetic ?eld of Larmor frequency created 
by the transmitter coil or coils. In ?ow imaging appara 
tus operating on the intensity of the NMR signal pro— 
portional to the fluid velocity, the external magnetic 
?eld provided by the magnet 4 and 6 should have a 
gradient in the axial direction of the ?ow passage, 
whereby only the nuclei magnetic moments located on 
a slice of cross section of the ?ow passage 1 adjacent to 
the receiver coil experiences the NMR precession. The 
image of the ?uid flow taken along that cross section is 
[generated from the NMR emission from those nuclei 
magnetic moments in the ?uid occupying that slice of 
cross section. of the ?ow passage. The image of the ?uid 
?ow can be constructed from the NMR emission by 
using the method called “VOXEL” system, that is pres 
ently employed in the medical nuclear magnetic imag 
ing technology. The “VOXEL” system employs a pair 

’ of transverse gradient magnetic coils respectively gen 
erating a pair of mutually orthorgonal auxiliary external 
magnetic ?elds perpendicular to the primary magnetic 
?eld of the magnet 4 and 6. This auxiliary external mag 
netic ?elds with gradient are employed to generate 
NMR emission with frequencies varying in the two 
transverse direction, whereby a Fourier transform of 
the NMR signals emitted from the nuclei magnetic 
moments occupying the slice of cross section of the 
flow passage transforms the planar space domain on 
that cross section of the ?ow passage into a frequency 
domain, whereby NMR emission of different frequen 
cies respectively represent NMR emission from differ 
ent VOXEL on that cross section of the ?ow passage. It 
should be mentioned that, in place of the magnet 4 and 
6 providing a constant external magnetic ?eld perpen 
dicular to the central axis of the ?ow passage, a magnet 
providing a constant external ?eld parallel to the central 
axis of the ?ow passage may be employed, which ar 
rangement provides an advantage in disposing the pair 
of transverse gradient coils respectively creating a pair 
of auxiliary external magnetic ?elds with gradient in 
two mutually orthogonal directions across the cross 
section of the ?ow passage, which auxiliary external 
magnetic ?elds enables one to apply the Fourier trans 
form converting the planar physical plane of the cross 
eection of the flow passage into a frequency domain. 

It should be understood that, in contrast to the trans 
mitter coil and receiver coils employed in the illustrated 
embodiments which have axis thereof parallel to the 
axis of the ?ow passage, one or both transmitter coils 
and receiver coils employed in the NMR flowmeter 
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10 
may be disposed adjacent and eccentrically to the ?ow 
passage wherein the axis of the transmitter and receiver 
coils are perpendicular to the constant magnetic ?eld 
magnetizing the nuclei magnetic moments. The funda 
mental embodiment of the flow imaging apparatus of 
the present invention comprises a transmitter coil with 
axis perpendicular to the constant magnetic ?eld dis 
posed within the constant magnetic ?eld and a plurality 
of receiver coils of small diameters disposed on a mid 
section of the flow passage including the transmitter 
coil wherein the axis of the receiver coils may be per 
pendicular to the constant magnetic ?eld or converge to 
the central axis of the ?ow passage. There may be a RF 
hollow cylindrical shield housing the ?ow passage, 
which is separated into two halves by a narrow gap in 
the midsection thereof, whereby the FID peaks de 
tected by the plurality of peripherally disposed receiver 
coils pick up NMR signals emitted from the media posi 
tioned on a cross section including the gap in the shield. 
A computer program converts the FID peaks detected 
by the plurality of receiver coils into a image or picture 
showing the ?uid motion moving across the cross sec 
tion. In addition or alternative to the cylindrical shell 
shield with the gap, a constant magnetic ?eld magnetiz 
ing the nuclei magnetic moments may be provided with 
a gradient in the direction parallel to the central axis of 
the ?ow passage, whereby the alternating magnetic 
?eld of a speci?c Larmor frequency generated by the 
transmitter coil energizes the nuclei magnetic moments 
located on the particular cross section only'and, conse 
quently, NMR signals picked up by the plurality of 
peripherally disposed receiver coils are automatically 
limited to those emitted from the moving media located 
on that particular cross section. 
While the principles of the present invention have 

now been made clear by the illustrative embodiments, 
there will be many obvious modi?cations of the struc 
tures, arrangements, proportions, elements and materi 
als, which are particularly adapted to the speci?c work 
ing environments and operating conditions in the prac 
tice of the invention without departing from those prin 
ciples. It is not desired to limit the inventions to the 
particular illustrated embodiments shown and, accord 
ingly, all suitable modi?cations and equivalents may be 
resorted to falling within the scope of the inventions as 
de?ned by the claims which follow. 
The emobdiments of the invention in which an exclu 

sive proporty or priviledge is claimed, are as follows: 
1. An apparatus for measuring ?ow rate of media 

moving through a ?ow passage comprising in combina 
tion: 

(a) a magnet providing a generally constant magnetic 
?eld in a region including a segment of the ?ow 
passage; 

(b) a transmitter coil disposed in said region generat 
ing a series of localized pulsed alternating magnetic 
?eld generally perpendicular to the constant mag 
netic ?eld, wherein said pulsed alternating mag 
netic ?eld oscillates at a nuclear magnetic reso 
nance frequency of the media and a pause time 
between two consecutive pulses of the altrnating 
magnetic ?eld is signi?cantly less than a spin-lattice 
relaxation time of a nuclear magnetic resonance 
emission from the media; > 

(c) a receiver antenna disposed adjacent to said trans 
mitter coil picking up nuclear magnetic resonance 
emission emitted by a localized volume of the 
media located in a vicinity of said receiver antenna, 
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said nuclear magnetic resonance emission gener 
ated by said pulsed alternating magnetic ?eld; 

(d) means for measuring peak values of a series of 
pulsed nuclear magnetic resonance emissions from 
the media generated by said series of pulsed alter 
nating magnetic ?elds and picked up by said re 
ceiver antenna; and 

(e) means for determining ?ow rate of the media from 
the peak values of said series of pulsed nuclear 
magnetic resonance emissions in a range of flow 
rate wherein the peak value monotonically in 
creases as a function of increasing ?ow rate of the 
media, 

2. The combination as set forth in claim 1 wherein 
said transmitter coil generates two series of pulsed alter 
nating magnetic ?elds with two different pause times in 
an alternating mode, wherein pause time between two 
consecutive pulses of the alternating magnetic ?eld in at 
least one of said two series of pulsed alternating mag 
netic ?elds is signi?cantly less than the spin-lattice re 
laxation time, and flow rate of the media is determined 
from a ‘ratio of two peak values respectively belonging 
to said two series of pulsed alternating magnetic ?elds. 

3. An apparatus for measuring ?ow rate of an aque 
ous=organic mixture moving through a ?ow passage 
comprising in combination: 

(a) a magnet providing a generally constant magnetic 
?eld in a region including a segment of the flow 
Passage; 

(b) a ?rst transmitter coil disposed in said region 
generating a ?rst series of localized pulsed alternat 
ing magnetic ?eld generally perpendicular to the 
constant magnetic ?eld, wherein said ?rst pulsed 
alternating magnetic ?eld oscillates at a nuclear 
magnetic resonance frequency of the mixture and 
pause time between two consecutive pulses of said 
?rst alternating magnetic ?eld is signi?cantly less 
than spin-lattice relaxation time of nuclear mag 
netic resonance emission from an organic compo 
nent of the mixture; 

(0) a ?rst receiver antenna disposed adjacent to said 
?rst transmitter coil picking up nuclear magnetic 
resonance emission emitted by a localized volume 
of the media located in a vicinity of said ?rst re 
ceiver antenna, said nuclear magnetic resonance 
emission generated by said ?rst pulsed alternating 
magnetic ?eld; 

(d) a second transmitter coil disposed upstream of 
said ?rst transmitter coil in said region, said second 
transmitter coil generating a second series of local 
ized pulsed alternating magnetic ?elds generally 
perpendicular to the constant magnetic ?eld, 
wherein said second pulsed alternating magnetic 
?eld oscillates at a nuclear magnetic resonance 
frequency of the mixture and pause time between 
two consecutive pulses of said second alternating 
magnetic ?eld is signi?cantly less than spin-lattice 
relaxation time of nuclear magnetic resonance 
emission from the aqueous component of the mix 
ture; said second pulsed alternating magnetic ?eld 
suppressing magnetization of the aqueous compo 
nent under the constant magnetic ?eld, thereby 
limiting nuclear magnetic resonance emission to 
the organic component; 

(e) means for measuring peak values of a series of 
pulsed nuclear magnetic resonance emissions from 
the organic component of the mixture generated by 
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12 
said ?rst series of pulsed alternating magnetic ?eld 
and picked up by said ?rst receiver antenna; and 

(t) means for determining ?ow rate of the organic 
component of the mixture from the peak values of 
said series of pulsed nuclear magnetic emissions in 
a range of ?ow rate wherein the peak value mono 
tonically increases as a function of increasing ?ow 
rate of the organic component of the mixture. 

4. The combination as set forth in claim 3 wherein 
said ?rst transmitter coil generates two series of pulsed 
alternating magnetic ?elds with two different pause 
times in an alternating mode, wherein pause time be 
tween two consecutive pulses of the alternating mag 
netic ?eld in at least one of said two series of pulsed 
alternating magnetic ?elds is signi?cantly less than the 
spin-lattice relaxation time of the nuclear magnetic reso 
nance emission from the organic component of the 
mixture, and ?ow rate of the organic component of the 
mixture is determined from a ratio of two peak values 
respectively belonging to said series of pulsed alternat 
ing magnetic ?elds. 

5. The combination as set forth in claim 3 wherein 
said combination includes a second receiver antenna 
disposed adjacent to said second transmitter coil pick 
ing up nuclear magnetic resonance emission from a 
localized volume of the organic component located in 
the vicinity of said second receiver antenna, said nu 
clear magnetic resonance emission generated by said 
second pulsed alternating magnetic ?eld, and further 
includes means for determining relative abundance of 
the organic component in the mixture from the peak 
value of series of pulsed nuclear magnetic resonance 
emission generated by saidsecond series of pulsed alter 
nating magnetic ?eld and picked up by said second 
receiver antenna. 

6. The combination as set forth in claim 5 wherein 
said ?rst transmitter coil generates two series of pulsed 
alternating magnetic ?elds with two different pause 
times in an alternating mode, wherein pause time be 
tween two consecutive pulses of the alternating mag 
netic ?eld in at least one of said two series of pulsed 
alternating magnetic ?elds is signi?cantly less than the 
spin-lattice relaxation time of the nuclear megnetic reso 
nance emission from the organic component of the 
mixture, and ?ow rate of the organic component of the 
mixture is determined from a ratio of two peak values 
respectively belonging to said series of pulsed alternat 
ing magnetic ?elds. 

7. A ?ow imaging apparatus for constructing an 
image of media moving through a hidden ?ow passage 
comprising in combination: 

(a) a magnet providing a generally constant magnetic 
?eld in a region including a segment of the ?ow 
passage, said magnetic ?eld having a gradient in a 
?rst direction; 

(b) a transmitter coil disposed in said region generat 
ing a series of localized pulsed alternating magnetic 
?eld generally perpendicular to said generally con 
stant magnetic ?eld, wherein said pulsed alternat 
ing magnetic ?eld oscillates at a nuclear magnetic 
resonance frequency of a planar volume of the 
media located on an image plane generally perpen 
dicular to said ?rst direction, and pause time be 
tween two consecutive pulses of the alternating 
magnetic ?eld is signi?cantly less than a spin-lattice 
relaxation time of a nuclear magnetic resonance 
emission from the media; 
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(c) a receiver antenna disposed adjacent to said image 

plane picking up nuclear magnetic resonance emis 
sion emitted from said planar volume of the media, 
said nuclear magnetic resonance emission gener 
ated by said pulsed alternating magnetic ?eld; 

(d) means for detecting a plurality of peak values of 
pulsed nuclear magnetic resonance emissions rep 
resenting nuclear magnetic resonance emissions 
respectively emitted from a plurality of subdivi 
sions of said planar volume of the media subdivided 
on said image plane; and 

(e) means for constructing an image of the ?ow pas 
sage taken along said image plane from said plural 
ity of peak values of pulsed nuclear magnetic reso 
nance emissions. 

8. The combination as set forth in claim 7 wherein 
said combination includes another transmitter coil dis 
posed upstream of said transmitter coil in said region, 
said another transmitter coil generating a series of local 
ized pulsed alternating magnetic ?elds generally per 
pendicular to said generally constant magnetic ?eld, 
wherein the pulsed alternating magnetic ?eld generated 
by said another transmitter coil oscillates at the nuclear 
magnetic resonance frequency of the media located 
adjacent to said another transmitter coil and pause time 
between two consecutive pulses of the alternating mag 
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netic ?eld generated by said another transmitter coil is 
signi?cantly less than spin-lattice relaxation time of 
nuclear magnetic resonance emission from aqueous 
component of the media, the pulsed alternating mag 
netic ?eld generated by said another transmitter coil 
suppressing magnetization of the aqueous component of 
the media, thereby limiting nuclear magnetic resonance 
emission to an organic component of the media and, 
consequently, said image of the flow represents How of 
the organic component only. 

9. The combination as set forth in claim 8 wherein 
said ‘combination includes another receiver antenna 
disposed adjacent to said another transmitter coil pick 
ing up nuclear magnetic resonance emission from a 
localized volume of the organic component of the 
media located adjacent to said another receiver antenna, 
said nuclear magnetic resonance emission generated by 
the pulsed alternating magnetic ?eld created by said 
another transmitter coil, and further includes means for 
determining relative abundance of the organic compo 
nent in the media from a peak value of a series of pulsed 
nuclear magnetic resonance emission generated by the 
series of pulsed alternating magnetic ?eld created by 
said another transmitter coil and picked up by said an 
other receiver antenna. 
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